We introduce a hydraulic soil-plant model with water uptake from two soil layers; one a pulse-dominated shallow soil layer, the other a deeper soil layer with continuous, but generally less than saturated soil moisture. Water uptake is linked to photosynthetic carbon assimilation through a photosynthesis model for C 3 plants. 2 A genetic algorithm is used to identify character suites that maximize photosynthetic carbon gain for plants that experience a particular soil moisture pattern. The character suites include allocation fraction to stem, leaves and shallow root, stem capacitance and stem water storage capacity, maximal leaf conductance and sensitivity of leaf conductance to plant water potential, and a critical soil water potential at which shallow roots cease to transfer water. 3 We find that if pulse water is a more important water source than deeper soil water in the environment, optimal phenotypes lean towards adaptations that maximize pulse water use (small root : shoot ratio, predominantly shallow root system, high leaf conductance with high stomatal sensitivity to plant water status). If deeper soil water is more important, phenotypes lean towards adaptations that maximize deeper soil water use (large root : shoot ratio, predominantly deep root system, lower leaf conductance with low stomatal sensitivity). Stem succulence is adaptive only when deeper soil water is unavailable. 4 From among the continuum of derived phenotypes, four phenotypes are selected that resemble the character suites of winter annuals, drought-deciduous perennials, evergreen perennials and stem succulents. Under common conditions, these phenotypes reproduce many of the responses to drought and water pulse observed in their respective life-form counterparts. The comparison also highlights the differences in plant life-form sensitivity to summer and winter drought conditions. 5 Based on these results, we discuss the possible role of annual precipitation patterns in shaping plant adaptations and determining the plant composition of arid and semi-arid environments.
Introduction
It has long been suggested that distinct plant life-forms of arid and semi-arid environments utilize different components of an ecosystem's soil moisture input (Cohen 1970; Noy-Meir 1973; Cody 1986; Smith & Nobel 1986; Shmida & Burgess 1988) . Support for this hypothesis has been sought primarily by comparing the root habits and water relations of species co-occurring in the same environment (e.g. Canon 1911; Walter & Stadelmann 1974; Smith et al . 1997) . In this paper, we take the opposite approach. Instead of asking which components of soil moisture desert plants are using the most, we ask what plants would have to be like to maximize the use of specific soil moisture patterns.
Soil moisture in arid ecosystems is extremely variable both in space and time. Moisture fluctuations are most rapid and extreme in shallow soil, and comparatively slow and more moderate at greater depths (Cable 1969; Noy-Meir 1973) . In shallow soil, every rain event generates a pulse of moisture that, depending on the event size and evaporative demand of the atmosphere, can last from a few hours to many weeks (Sala et al . 1981) . Single events do not usually recharge the soil below 20 -30 cm (Sala & Lauenroth 1982) , but clustered rain events, especially when coinciding with colder temperatures, can infiltrate into deeper layers. Thus, deeper soil moisture is governed primarily by longer, seasonal weather patterns ( Fernandez & Caldwell 1975; Reynolds et al . 1999) , often with maximal recharge in early spring and greatest depletion in late summer (Schlesinger et al . 1987) . Interannual components to soil moisture variation add to these patterns, through varying the total amount of summer and winter rainfall.
Plant life-forms in arid and semi-arid environments appear to specialize in taking up water from specific soil layers at certain times of the year ( Walter & Stadelmann 1974; Cody 1986; Smith & Nobel 1986; Flanagan et al . 1992; Lin et al . 1996) , rather than converging on one generalist phenotype that can take up water wherever and whenever it becomes available. This diversification with respect to water use is repeated on a continental scale, often involving unrelated genera, for example in South America (Soriano & Sala 1983; Sala et al . 1989; Paruelo et al . 1998) and Africa (Cowling et al . 1994) , suggesting that powerful trade-offs are associated with the use of alternative water sources in arid environments.
Here, we explore such potential trade-offs by developing a simple model of plant water transport and carbon gain in a two-layered soil environment. The study is guided by three objectives: (i) to gain a better understanding of the mechanisms that generate trade-offs in water use; (ii) to identify suites of morphological and physiological traits that are optimally adapted to exploit specific dynamic soil moisture patterns; and (iii) to compare the sensitivities of 'pattern specialists' to jointly experienced climatic conditions. Finally, based on the similarities between the derived 'moisture pattern specialists' and actual plant life-forms, we discuss how annual precipitation patterns may shape plant adaptations and life-form diversity in arid and semiarid environments.
Methods

 
The model describes the dynamics of soil water uptake and use by plants in a pulse-driven, arid environment. We distinguish two root horizons, one in shallow soil, where water is available in pulses, and the other in deeper soil, where water availability is assumed to be constant during and between pulses. There is no exchange of water between these two layers. This simplifies the soil environment so that it includes only the two endpoints of the entire spectrum of local soil water dynamics (Noy-Meir 1973) . Water uptake and transport in model plants is based on Darcy's Law (Gradmann 1928; Cowan 1965) . The rate of water loss is determined by leaf area and leaf conductance of water vapour (Cowan & Farquhar 1977) . The exchange rate of CO 2 for water is calculated on the assumption of light-saturated, diffusion-limited (C 3 ) photosynthetic rate (von Caemmerer & Farquhar 1981) . Water uptake, loss and use depend on the partitioning of plant biomass between leaves, roots and stems, where leaves are defined as the only organs that transpire and take up CO 2 and roots as the only organs that can exchange water with the soil, whereas stems, which can occur above or below ground, neither transpire water vapour, nor exchange water with the soil environment, but store water. Below we give a detailed description of the model. Important variables are summarized in Table 1 , parameter values are given in Tables 2 and 3 .
 
Change in plant water content W is determined by the rates of water uptake from the two soil layers, E 1 and E 2 , and transpiration E : eqn 1
In this mass balance equation, both water uptake and loss are controlled by plant water potential ψ plant . Plant 
water potential and water content are related through whole-plant capacitance C plant :
eqn 2 C plant is composed of the capacitances of leaf, root and stem: Table 2 . Water uptake rates from the shallow soil layer ( E 1 ) and the deeper soil layer ( E 2 ) are governed by Darcy's Law: (Caldwell 1994) ; (b) approximation based on Rhododendron leaves (Kramer & Boyer 1995, p. 63) ; (c) first value applies between 0 and -3.5 MPa, second value below -3.5 MPa, based on Tyree & Yang (1990) for Tsuga canadensis; (d) first value applies between 0 and -1 MPa, second value below -1 MPa, based on Hunt & Nobel (1987) for Ferrocactus acanthodes; (e) based on primary roots of Agave and Ferrocactus (Nobel 1989) , values for other species are similar (Campbell 1985) ; (f ) corresponds to 80% (leaves) and 90% (roots) water in fresh weight (Kramer 1983 ) and 60% carbon in dry weight; (g) based on 60% water in fresh weight and 60% carbon in dry weight; (h) based on 95% water in fresh weight (Nobel & Sanderson 1984) and 60% carbon in dry weight; (i) average value for desert shrubs, equivalent to 60 cm 2 per g dry weight; (j) assuming that roots have the same density as water, 90% water content and 60% carbon in dry matter. 
where K i is the whole-plant conductance for water in the pathway from the bulk soil in layer i to the leaf, and ψ soil , i is the corresponding bulk soil water potential (MPa). Transpiration rate ( E ) is determined by the product of whole-plant leaf conductance for water vapour ( G leaf ) and the saturation water vapour pressure gradient between leaf and air, divided by total atmospheric pressure ( P atm ).
eqn 5
This formulation is based on the approximation that leaf and air temperatures are identical ( hence e air -e sat describes the diffusion gradient).
G leaf and K i are whole-plant conductances and their magnitudes depend on the amount of biomass allocated to roots and leaves and on the area-specific conductances of leaves and roots, which vary in response to environmental conditions. To distinguish between whole-plant conductance ( G leaf ) and area-based leaf conductance ( g leaf ), we use upper and lower case letters, respectively. Whole plant leaf conductance is thus:
where λ is the specific leaf area (in m 2 per mol leaf carbon). Leaf conductance g leaf is bounded by maxima and minima with water potential ψ plant as the only controlling variable: eqn 7 β describes the sensitivity of stomatal aperature to ψ plant . We set a limit to the range of stomatal control by setting g min = 0.001 g max .
As with leaf conductance, we distinguish between whole-plant hydraulic conductance ( K i ) and areabased hydraulic conductance ( k i ). Whole-plant conductance is determined by: eqn 8 where ω is specific root volume (and 2 ω / r i is specific root area). Root area-based hydraulic conductance ( k i ) is a serial combination of the pathway between the bulk soil and the root surface ( k soil , i ) and between the root surface and the plant ( k root , i ):
Both types of conductances decrease with decreasing water potential (Nobel & Sanderson 1984; Campbell 1985) . To represent the relationship between soil hydraulic conductance and soil moisture we use Campbell's (1985) analytical approximation for cylindrical roots: eqn 10 with eqn 11
Here, k sat (saturated conductivity) ψ e (air entry potential) and m (soil texture parameter) are soilspecific constants for which we adopt values that represent sand (Table 4) . Sand was a practical choice, as our field sites are on sandy soil. We will address the possible effects of choosing sand over other soil types on the model results in the discussion section. A i is a scaling factor that transforms hydraulic conductivity to hydraulic conductance, depending on root length density ( L i ; total length of root per volume of soil), root diametre ( r i ) and soil texture ( m ).
Root conductance is also variable and two mechanisms have been suggested to explain why specific root conductance decreases with soil moisture: root shrinkage (Nobel & Sanderson 1984) and hydraulic failure of the root xylem (Sperry et al . 1998 ). For simplicity, we assume that root surface conductivity is constant up to a critical minimum soil water potential ψ crit , i and then decreases to zero. Water flow across the root surface then ceases.
This de-couples plant water status from that of the soil during extreme drought, consistent with observation and irrespective of the mechanism. 
 
Rates of photosynthesis are calculated for leaves assuming saturating irradiances and a maximal rate of photosynthesis typical for C 3 plants, using the equations developed by von Caemmerer & Farquhar (1981 where T is the total time interval considered (in seconds) and t day is the number of seconds of daylight per day. The denominator 1000 scales photosynthetic carbon gain from µ mol to mmol. Throughout, carbon gain among plant types is compared on a basis of equal total plant biomass.

The dynamics of water use by plants is simulated using a finite difference approximation with a time-step size of 50 s or less, ignoring diurnal variation in environmental parameters (Table 3) . Days have a constant length of 14 h and leaf photosynthesis is light-saturated over the entire photo-period. Thus, we chose the conditions of daily peak water demand to represent the maximal hydraulic stress a plant must be able withstand. An additional assumption is that the photosynthesis rate at that time is positively correlated with daily cumulative photosynthesis, so that we can correctly rank species by carbon gain.
Temperature and relative humidity stay fixed at 30 ° C and 20%, respectively. All simulation intervals start with the input of 10 mm water into the shallow soil horizon between 0 and 20 cm, creating a pulse of soil moisture in this layer, but not in the layer below. Simulations continue for between 10 and 200 days with no further input of water. During this interval, water in the upper horizon is depleted, while deeper soil moisture stays constant (there is no exchange of water between the shallow and deeper soil horizon). The rate of evaporative depletion is determined by the simplified (Linacre 1973 ) model for bare soil, which subdivides the shallow soil layer into a surface component (0 -5 cm) and a subsurface component (5-20 cm). We assume that shallow roots occur only in the subsurface layer. Initial evaporation depletes only the surface component; later both sublayers contribute to evaporation. Actual rates of soil moisture depletion may be faster or slower than predicted by the Linacre model, depending on the resident vegetation and initial soil water content, but this is not important for our study.
 
The ability of plants to utilize pulses of soil moisture in the shallow soil, or else in deeper soil layers, depends on a number of physiological and morphological plant characteristics. We identified eight such characteristics (Table 4) and devised a genetic algorithm to search for their optimal combinations. We follow the approach described by Schwefel (1995) . Each of the eight characteristics is assigned a range of possible values. This range is divided into 64 values including the endpoints and transformed into six-digit binary numbers. The entire 'genome' of an individual consists of a string of 48 binary digits (eight parameters × six digits). An initial population of phenotypes (i.e. character combinations) is selected at random from the parameter ranges, by sampling with replacement, and tested in simulations to determine average daily carbon gain of individuals over the entire simulation period (eqn 14). This is taken as a fitness proxy. Setting a common tolerance limit for all individuals, we assign zero fitness to all individuals that, at any time during the simulation, have a plant water potential ≤ -6 MPa. Throughout the optimization procedure only the phenotypes change, the simulated soil moisture pattern always stays exactly the same.
Following the tests, all members of the initial population are ranked according to 'fitness' (i.e. average carbon gain). The two fittest individuals enter the next population unaltered. This ensures that the fitness of the fittest individual in a population never declines. The remaining individuals of the next generation are randomly selected from the previous, with fitness-weighted selection probabilities. Individuals are selected in pairs and before they enter the next generation, pairs exchange binary digits ('cross-over') with a probability of 0.2. Then, additional random mutations (0 into 1 or vice versa) are imposed with a probability of 0.2. These particular cross-over and mutation probabilities have been chosen because, in preliminary optimization runs, they tended to produce the greatest fitness increase with each generation. However, the exact probability values are not critical to the optimization results.
When an optimization run is repeated with an identical soil moisture pattern, the selected phenotypes tend to converge on similar character combinations. Convergence is fast for the first five generations, but slows considerably thereafter. Larger populations converge faster, but the advantage of population size begins to diminish above 500. For the solutions presented in this paper, we chose population sizes of 1000 and optimization through 20 generations. Using this
protocol most plant characteristics converge on similar values but some variation persists. To represent the accuracy of the optimization result for each character value, we show the best three of six independently derived solutions. While larger populations and longer optimization cycles may have been desirable from a mathematical point of view (Schwefel 1995) , they were unfeasible given the duration of the optimization runs. However, we found that the chosen optimization protocol resulted in sensible solutions and acceptable precision for fitness and most optimized plant characters.
Results
       
In this model, rainfall nearly saturates the shallow soil layer for c. 4 days, then soil water potential declines rapidly and after 12 days falls below -6 MPa (Fig. 1a) , the theoretical limit for water extraction by model plants. However, the plant in Fig. 1 takes up shallow soil water only until day 9 (Fig. 1c) and plant water potential and photosynthesis remain elevated for only 5 days (Fig. 1b,d ). Pulse and post-pulse periods are phases of quasi-steady state, separated by a brief transition period of c. 2 days. We begin our analysis of trade-offs in soil water use by examining the pulse and post-pulse phases separately, focusing first on allocation-mediated trade-offs.
- 1 :        
It is often tacitly assumed that the vertical root distribution of a plant informs the relative resource uptake from the corresponding soil strata. However, pulse water uptake is proportional to shallow root biomass only when both soil layers have equal water potentials (i.e. are both saturated) and all roots have identical hydraulic properties (Fig. 2a) . When the shallow soil water potential is higher (almost always during pulse), comparatively Table 3 with a deeper soil water potential of -1.5 MPa. Plant parameters are B stem = 0 mol C, B leaf = 0.5 mol C B root ,1 = 0.25, B root ,2 = 0.25 mol C. Shallow and deep roots are identical.
Fig. 2
The relationship between root distribution and pulse water uptake. (a) Shallow and deep roots are identical; (b) shallow root radius is 10 × greater than deeper root radius; (c) shallow root radius is 100 × greater than deeper root radius. Holding total root biomass constant, root radius is inversely related to total root conductance (eqn 8). The root : shoot ratio is 1 throughout. Shallow soil water is saturated (ψ soil,1 = -1 kPa) and deeper soil water potential varies as indicated.
little shallow root biomass is needed to supply the entire transpiration flux from pulse water (Fig.2a,b,c) . This is due to the non-linear relationship between soil hydraulic conductance and soil moisture (eqn 10).
The efficiency of shallow roots is highest if the hydraulic properties of shallow and deep roots are identical (Fig. 2a) . If shallow roots are, however, less efficient than deeper roots (in our example, by being thicker), more shallow root biomass is required for significant pulse water uptake (Fig. 2b,c) . Differences in the specific conductance of shallow and deeper roots have been demonstrated for one desert species (Wan et al . 1994) and in general this is consistent with observed root distributions in relation to pulse water use by desert plants Jackson et al . 1996) . From this point on, we take a 10-fold difference in shallow and deeper root radii, equivalent to an inverse 10-fold difference in hydraulic conductance per root biomass, to be the default (Table 2) .
Based on Fig. 2 , root distribution per se is not a major trade-off in the water use of desert plants, since comparatively little root biomass is needed to extract large amounts of water from water-saturated soils. A more important trade-off may lie between the ability of roots to persist in the environmentally harsh conditions of the shallow soil and their hydraulic efficiency (Eissenstat 1997) . This would necessitate comparatively greater carbon investment for the exploitation of moisture in the shallow than in the deeper soil.
- 2 :  --  
Desert plants can differ by two orders of magnitude in root : shoot ratio (Smith et al . 1997) . A large allocation above ground, particularly to leaves, corresponds to a large potential for carbon gain, but the corresponding small root biomass may limit the capacity for water uptake and cause water stress. Conversely, a large allocation below ground may improve plant water status but limit carbon gain. This trade-off is the basis for determining the optimal root : shoot ratio in a given soil moisture condition (Fig. 3) . As expected, conductance (Fig. 3c,d ) does not limit whole plant carbon gain (Fig. 3a,b) when root : shoot ratios are large and leaf area then becomes critical. Small root : shoot ratios, on the other hand, decrease plant water potential (Fig. 3e,f) , leaf conductance and ultimately, whole-plant carbon gain, despite the greater leaf area.
Moisture in the deeper soil affects the optimal root : shoot ratio (where whole-plant carbon gain is maximal; Fig. 3a,b) . A drier deeper soil shifts the optimum towards larger root : shoot ratios, even during pulse periods (Fig. 3a) , suggesting that water-saturation in the shallow soil does not fully compensate for lack of soil moisture deeper down. However, at the same moisture condition in the deeper soil, the optimal root : shoot ratio is almost always smaller during a pulse than between pulses (compare Fig. 3a,b) . (Table 2) .
Root distributions also affect the optimal root : shoot ratio (Fig. 4) . During a pulse, plants with more shallow roots have greater carbon gain at any root : shoot ratio and maximize carbon gain at smaller root : shoot ratios than plants with fewer shallow roots (Fig. 4a) . Clearly, more root allocation in the shallow soil improves plant water status during pulse periods ( Fig. 4e) , so that plants can benefit from a further reduction in root : shoot ratio. Between pulses these trends are reversed, because the deeper soil is then the only source of water and any increase in deeper root biomass must be beneficial.
Figures 3 and 4 illustrate the dilemma for plants that live in a dynamic and structured soil moisture environment. Should they place most roots in the shallow soil and reduce their root : shoot ratio to maximize carbon gain during pulse periods, or should they place most roots in the deeper soil and increase their root : shoot ratio to maximize carbon gain between pulses? The answer is likely to depend on the relative profitability of exploiting shallow and deeper water sources, thus, on the relationship between the frequency of pulse days and the amount of water stored in the deeper soil.
- 3 :  
A large portion of perennial plant biomass is composed of tissues that neither participate in gas exchange, nor in water uptake, but transport and store water below and above ground. We now evaluate the effect of allocation to woody and succulent stems, comparing only their water storage role in plant water relations. These two tissue types are distinguished primarily by storage capacity ( in terms of water storage per unit carbon) and capacitance for water (see Table 2 ). Wood has little storage capacity and low capacitance. This means that stem water potential falls quickly with declining water content. In contrast, fully hydrated succulent stems (e.g. of cacti) have the highest known water content (Gibson & Nobel 1986 ) and a high capacitance, if scaled to a unit of stem carbon (Holbrook 1995) .
Plants with woody stems, despite their smaller water storage capacity, retain water for longer than plants with succulent stems, although their water potentials soon become very negative (Fig. 5e ). Leaf conductance also steeply declines (Fig. 5c ) and this conserves water, but the carbon gain of woody plants is also minimal throughout the drought period (Fig. 5a ). In contrast, carbon gain, leaf conductance and water potential remain much higher in succulent plants (Fig. 5b,d,f) . However, unless over 95% of all biomass is allocated to stems, this amounts to rapid water loss and total desiccation after 37 days (for 90% stem) or 73 days (for 95% stem). Assuming as we did that maximal leaf conductance and stomatal sensitivity are the same for woody and succulent plants, drought survival in succulents hinges on very large allocations to stem biomass. Even so, the carbon gain of a stem succulent with 99% stem allocation exceeds that of a woody plant with 90% stem allocation by approximately threefold (Fig. 5a,b) . 
  
Above, we considered three allocation trade-offs separately. We have, however, already seen that some allocation trade-offs are interdependent, so that the value of one allocation dimension affects the value of another.
In addition, we limited our analysis to the quasisteady state conditions of pulse and post-pulse periods, without considering that plants must be able to switch between these extremes. We will now tie these issues together by deriving optimal character combinations (Table 4 ) for a range of dynamic soil moisture patterns.
As the deeper soil water decreases from -0.5 to -3.5 MPa (and the pulse frequency remains constant) the optimal phenotype invests an increasing amount of biomass into deeper roots (Fig. 6a) , simultaneously increasing the root : shoot ratio (Fig. 6b) . Both responses compensate for the reduction in soil hydraulic conductivity, which makes it harder for plants to extract water. However, below -3.5 MPa, the optimal phenotype reduces root biomass in the deeper soil, at the same time increasing shallow root biomass and decreasing the root : shoot ratio. In effect, the optimal phenotype adapts its morphology to improve exploitation of pulse water, when pulse water becomes the more profitable of the two water sources. We have already seen in Figs 3 and 4 that quite opposite allocation strategies are needed for the exploitation of shallow and deeper water sources. Figure 6 now shows that the strategic compromise between maximizing pulse use and maximizing the use of deeper soil water shifts with the relative availability of these two water sources.
The accuracy in predicting maximal leaf conductance is fairly low compared with most other parameters (Fig. 6e) . This is probably due to a strong interaction between the maximal conductance and its sensitivity to plant water status, such that a small variation in sensitivity requires a large compensation in maximal conductance. Nevertheless, there are some discernable patterns. Between -0.5 and -2.0 MPa, maximal leaf conductance sharply declines. This should further reduce the water demand of plants that are simultaneously reducing leaf area. However, maximal conductance picks up again below -2.0 MPa. This may be an adaptation to improve pulse use, similar to the reversing trend in the root : shoot ratio. Stomatal sensitivity is rising continuously between -0.5 and -6.0 MPa, reflecting the increased need for down-regulation of the transpiration rate, as plants switch from pulse water to an increasingly depleted deeper water source.
From the viewpoint of water storage alone, it is not optimal to invest in stem biomass, unless the deeper soil water potential drops to -6.0 MPa and below and becomes non-exploitable (Fig. 6c) . The stem tissue that is added at -6.0 MPa has a greater capacitance than the rest of the plant, increasing the plant's overall capacitance (Fig. 6d) . Finally, there is large variation and no trend in the critical soil water potential, at which shallow roots cease to transfer water (Fig. 6f) , suggesting that the exact point of conductivity loss for roots is not very important to plant water relations. Preliminary simulations suggest that this result depends on the choice of soil texture (sandy) in this study. In sandy soil, hydraulic conductivity declines very rapidly with declining soil water potential, making additional root control over plant water status unnecessary.
In summary, Fig. 6 shows the optimal phenotype transform, in response to declining water availability in the deeper soil, from a herbaceous plant (small root : shoot ratio, large leaf conductance) to a more xeromorphic, predominantly deep-rooted plant (larger root : shoot ratio, smaller leaf conductance), then to a herbaceous plant with a dimorphic root system (about equal root allocation in shallow and deeper soil), and finally towards an exclusively shallow-rooted stem succulent. Many of these forms have equivalents in the real world (see discussion). For now, we pick three phenotypes from the continuum of optimal solutions in Fig. 6 to represent three contrasting life forms, which we will submit to further analysis later. To help visualize these derived abstractions, we will call the three types 'winter annual', 'drought-deciduous perennial' and 'evergreen perennial' (Table 5) .
In Fig. 7 we consider the effects of simulation period (the inverse of pulse frequency) and hold the deeper soil water potential fixed at -3.5 MPa. Simulation period has a large effect only between 10 days (essentially zero post-pulse duration, see Fig. 1a ) and c. 40 days ( c. 28 days post-pulse). At 40 days, plants are so well adapted to exploiting the deeper soil that further adaptive change is unnecessary. Adaptations to long postpulse periods include increased allocation to deep roots, loss of shallow roots (Fig. 7a) , increase in root : shoot ratio (Fig. 7b) and, between 10 and 30 days, a decrease in maximal leaf conductance, coupled with a loss of stomatal sensitivity (Fig. 7e) . In effect, plants become more xeromorphic. Note that the two parameters defining stomatal control (Fig. 7e) become indeterminable beyond c. 40 days. At this point, plants are so specialized in the exploitation of deeper soil moisture that they do not respond to the pulse of moisture in the shallow soil. Therefore, in our model, they have no need for physiological control over transpiration, and the optimization procedure cannot identify optimal solutions for the two control parameters. The adaptations to declining pulse frequency in Fig. 7 are consistent with the notion that plants shift towards a more efficient exploitation of deeper soil water, as anticipated by Figs 3 and 4. Finally, in Fig. 8 , we explore the response of the optimal phenotype to simulation period, when deeper soil water is unavailable. The longer the drought that follows the initial pulse, the more biomass is allocated to stems (Fig. 8c) and the less to shallow roots (Fig. 8a) . Root and leaf biomass decline in about the same proportion, so that root : shoot ratios change little ( Fig. 8b) . Maximal conductances become smaller and stomatal sensitivity to water potential increases (Fig. 8e) , which indicates increasingly conservative water use of the remaining leaf area. Plant capacitance for water increases in parallel with stem biomass (Fig. 8d) , indicating that the added stem biomass is of the 'succulent' type, but storage capacity shows no obvious trend, suggesting that capacitance is more important than storage capacity for water to conservative water use (however, in the real world these two characteristics are closely associated). Increasing drought length transforms the optimal phenotype from an essentially herbaceous phenotype with some stem succulence into a full-blown stem succulent with extremely conservative water use. From Fig. 8 , we pick a fourth phenotype, which we call 'succulent perennial' (Table 5) .
        
We now compare the performances of the four selected phenotypes (Table 5) availability with a decline in carbon gain, there are substantial differences in the maximal carbon gain that phenotypes achieve in the wettest environment and in the magnitude of their responses to declining water availability (Fig. 9) .
Phenotypes in their own selection environment always have the greatest carbon gain, as is to be expected. The overall greatest carbon gain is achieved by the winter annual (phenotype 1), due to its very small root : shoot ratio and large leaf conductance, but these same traits make it impossible for this phenotype to survive the drying of the deeper soil even to -3.5 MPa (Fig. 9b,f,j) . Under conditions of moderate water availability in the deeper soil, the droughtdeciduous perennial (phenotype 2) has the highest carbon gain, with comparatively large values, even when pulses are infrequent (Fig. 9j) , whereas the evergreen perennial ( phenotype 3) needs a high pulse frequency to gain as much carbon (Fig. 9b) . We have called phenotype 2 'drought-deciduous', because it operates at its tolerance limit at the deeper soil water potential of -3.5 MPa. Below this value, the evergreen perennial gains more carbon (Fig. 9c,g,k) than the only other surviving phenotype, the succulent perennial (phenotype 4), whose carbon gain can exceed that of other phenotypes only when deeper soil water is unavailable (Fig. 9d,h,l) . Under these conditions, only succulents can maintain carbon gain for long after pulse (Fig. 5) .
In terms of water use, phenotypes may be grouped into three categories: (i) those plants that depend predominantly on deeper soil water for carbon gain (e.g. the winter annual and drought-deciduous perennial); (ii) those that depend exclusively on pulse water (e.g. the succulent perennial); and (iii) those that exploit whichever water source is most available at the time (e.g. the evergreen perennial).
The winter annual and the drought-deciduous perennial (phenotypes 1 and 2) are more sensitive (in terms of carbon gain) to a reduction in deeper soil moisture than to a reduction in pulse frequency. The succulent perennial ( phenotype 4) is sensitive only to a reduction in pulse frequency. The evergreen is sensitive to a reduction in pulse frequency only when deeper soil water is highly limiting, and to a reduction in deeper soil moisture only when pulses are rare.
Discussion
We derived a family of plant phenotypes, each optimally adapted to a different soil moisture pattern. These predicted phenotypes have many similarities with actual desert plants, reproducing not just major biomass allocation and root distribution patterns, but also many empirical phenomena of pulse use and water relations in a range of environmental conditions. This constitutes new and independent evidence for the hypothesis that plants in arid and semi-arid environments may be moisture pattern specialists. More importantly, the analysis allows us to further improve our understanding of plant water use strategies by examining morphology and physiology as integrated units of selection in a pulse-driven environment.
The modelling philosophy employed here is similar to that of Tilman (1988) , in that allocation trade-offs are linked to trade-offs in the optimal exploitation of different environments. Some conclusions are also similar, for example that greater availability of below-ground resources generally favours increased above-ground allocation. However, we also consider adaptations in physiological control functions at the leaf-level, which are an indispensable part of the overall strategy in rapidly fluctuating environments.
       
Any optimal solution can only be as good or as detailed as its underlying model. We chose simplicity over completeness in describing plants in an arid environment. Three simplifications in particular warrant a cautious interpretation of the results. First, the soil was divided into only two compartments, which we address as shallow and deep soil, but which really signify contrasting dynamics of soil water. 'Deep-rootedness' in this context does not literally refer to the absolute extent of the rooting system below the soil surface, but to the relative allocation to roots that exploit a more 'stable' water source, wherever it may be. For example, during a cold desert spring, the 'stable' water source may be located just centimetres below the soil surface, while during the summer of a winter-rain desert, the only 'stable' water source may be several metres down at the water table.
The second major simplification is the assumption of fixed biomass allocation to leaves and roots. Although plants are constrained to stay within some range of a gross morphology, they also have some fine control. For example, droughted plants may shed leaves (Comstock & Ehleringer 1988) , or shift the production and maintenance of fine roots from the ephemeral to the more reliable moisture sources in the soil (Fernandez & Caldwell 1975) . Our model does not have this flexibility and the predicted plant strategies can be seen only as the momentarily optimal solution to a given environment.
The third simplification lies in the choice of the objective function itself. Without assigning carbon costs for growth and maintenance, we were constrained to choose whole-plant photosynthetic carbon gain as a basis for comparing the success of alternative phenotypes. Technically, it would not have been difficult to Fig. 9 The average whole-plant carbon gain of four optimal phenotypes in a variety of environments. Deeper soil moisture declines left to right. Pulse frequency declines top to bottom. Phenotype 1 = winter annual, 2 = drought-deciduous perennial, 3 = evergreen perennial, 4 = stem succulent (see also Table 5 ). Solid bars designate contributions of deeper soil water to average carbon gain, open bars designate the pulse contribution to carbon gain. The pulse contribution to carbon gain is calculated by determining the difference in the average carbon gain for plants that did and did not receive pulse water. A missing bar indicates that this type did not tolerate the conditions of the simulation. *Indicates that the respective phenotype is in its selection environment. The selection environment for phenotype 4 (one pulse in 100 days) is not included.
include carbon costs in the analysis, but the difficulty of assigning meaningful values to the growth and maintenance costs of roots, stems and leaves discouraged us from taking this course (Thornley & Cannell 2000) . Unless plants are stressed, whole-plant respiration is strongly correlated with whole plant photosynthesis (Amthor 1994) . Differences in whole-plant photosynthetic carbon gain among plants in the same environment may be an adequate first approximation of species differences in productivity.
     
We likened the first phenotype to a winter annual, on the grounds of small root : shoot ratio in combination with large leaf conductance (Mooney et al . 1976; Ehleringer & Mooney 1983; Werk et al . 1983; Forseth et al . 1984) , relative insensitivity of leaf conductance to plant water potential (Forseth et al . 1984) , and relative intolerance to declining deeper soil moisture status, which for winter annuals determines the end of the growing season (Ehleringer 1985) . Summer annuals share many of the same characteristics (Forseth et al . 1984) , but instead of relying on winter water near the soil surface, they depend on large summer storm events that deliver water into deeper soil layers where it can remain available long enough for plants to complete their life cycles (Sala et al . 1981) . There is a welldocumented division in the dominant photosynthetic pathways between summer and winter annuals, the former being C 3 , the latter predominantly C 4 (Mulroy & Rundel 1977; Ehleringer 1985) . We did not differentiate between the alternative photosynthetic pathways, but each may be the result of a strong selection pressure to maximize the instantaneous rate of photosynthesis under different temperature regimes, when water is abundant but time is limited. In both types of annuals, the strong effect of a few precipitation events, and their timing, on fitness may explain their high year-to-year variability (Guo & Brown 1996) . Furthermore, the relief and orientation of the soil surface and the degree of perennial cover can further modify, over multiple scales, the effect of any one event on infiltration depth and pulse duration, contributing perhaps to the positive relationship between spatial abundance and distribution noted by Guo et al. (2000) . In contrast, species that rely more on the accumulation of many precipitation events should be more strongly buffered against year type or site variation.
We pictured the second phenotype as a droughtdeciduous shrub, based on larger root : shoot ratios, but not necessarily smaller leaf conductance (Ehleringer & Mooney 1983; Smith & Nobel 1986 ) and moderate tolerance of declining soil water potentials, which when exceeded sets the signal for leaf loss (Szarek & Woodhouse 1977; Comstock & Ehleringer 1986) . The model suggests that root : shoot ratios primarily determine drought tolerance and therefore the timing of leaf loss. Although in our simulations pulses increased the carbon gain of this phenotype very little (Fig. 9) , pulse water was taken up (result not shown). The replacement of deeper soil water with pulse water, whenever it is available, may help these phenotypes conserve winter water and delay leaf loss.
We called the third phenotype evergreen, based on increased drought tolerance, which would allow plants to maintain leaves throughout the year (Smith & Nobel 1986 ). Examples are Larrea tridentata (Odening et al. 1974; Ho et al. 1996; Reynolds et al. 1999) and from a cold desert, Coleogyne ramosissima and Gutierrezia sarothrae Donovan & Ehleringer 1994; Lin et al. 1996) . Although these species are not really 'evergreen' ( but winter-deciduous), they often maintain leaves until late fall. Perennial grasses also share many of the same water-use characteristics (Sala et al. 1989; Burgess 1995) . These plants all have the capacity for rapid recovery from water-stress conditions after rain (Sala & Lauenroth 1982; Ho et al. 1996; Lin et al. 1996; Reynolds et al. 1999) . They also tend to increase pulse water use as deeper soil water potential declines, for example between spring and summer, or between years with wet and dry winters (Ehleringer & Cook 1991; Dodd et al. 1998) . It may be this opportunistic water-use strategy that makes this type of plant so common in deserts and semi-deserts with summer rain, as suggested by Ehleringer & Dawson (1992) .
The correspondence between the succulent perennial phenotypes and actual succulents includes the combination of large allocation to succulent stem, high capacitance and relatively small maximal leaf conductance, sensitive to declining water status (Nobel 1988; Nilson et al. 1990 ). These characteristics allow plants to maintain a high water potential and hold flux rates relatively constant for months after rain (Nobel 1988) . Many, but not all, stem succulents are CAM plants (for exceptions see Nilson et al. 1990 ), a photosynthetic strategy that further enhances the extremely conservative water use of this plant life-form.
The selection environments for the phenotypes in this study are not those in which they achieve maximum carbon gain, but those which take them to the limit of their physiological tolerance (where non-optimal phenotypes are either dead, dormant or inefficient, Fig. 9 ). Differences in the carbon gain of contrasting phenotypes in the same environment are often less pronounced than differences within phenotypes in contrasting environments, which complicates the empirical study of species diversity in water use. This is because of the overriding importance of water availability in arid environments and flexibility in water use, common to most plants (Fernandez & Caldwell 1975; Sala et al. 1981) . Species differences in water use should be more clearly exposed by quantifying their sensitivity to declining water availability in the different soil horizons, i.e. to winter or summer drought, which, as we have seen, can reverse their carbon gain rankings.
     
In our study, the tolerance for low water potential in the deeper soil declines from the succulent plant to the winter annual in the sequence succulent > evergreen > droughtdeciduous > winter annual. This ranking coincides with that for the general attribute of 'drought tolerance' for these plant types (Ehleringer & Mooney 1983) . Although this correspondence is reassuring, the more important result of this study is that there are different kinds of drought events, which select different kind of plants.
Winter drought reduces the recharge of the deeper soil (Reynolds et al. 1999 ). In our model, increasing the severity of winter drought led to a character shift from a predominantly deep-rooted phenotype towards a phenotype with both deep and shallow roots (Fig. 6) . A similar shift (in reverse) was observed by Turner (1990) following years of unusually high winter precipitation. After the strong El Niño years of 1941-42, a dominant population of Larrea divaricata (evergreen) was replaced by Encelia farinosa (drought-deciduous) and the deep-rooted Prosopis velutina. Similarly, Brown et al. (1997) attributed the expansion of deep-rooted woody plants in south-eastern Arizona to unusually wet winters. Just as our model predicts, increased winter rain appears to favour plants with reduced root allocation to shallow soil, even though summer precipitation did not change. The adaptive advantage of this character shift lies not necessarily in the expansion of the deep root system (after all, wetter soil requires less root for its exploitation), but more probably in the increase in leaf area, which is associated with the redistribution of roots.
Under the most extreme drought conditions (winter drought + summer drought), our analysis predicts that succulents should be the best-adapted phenotypes (Fig. 8 ). Yet, woody plants are found in the most arid environments on earth. The drought tolerance of woody plants is in part due to a strategy that we did not account for, namely the shedding of leaves and fine roots to isolate themselves from the environment. However, for a population of woody perennials to remain viable in this way, long periods of dormancy must be balanced by occasional substantial rainfall events that allow new growth above that needed to restore lost leaves and roots. In contrast, cacti should be able to persist on much smaller precipitation events, provided they occur consistently (e.g. dew? Malek et al. 1999) . Clearly, there is no one definitive suite of drought adaptations, as long as drought is seen as a single variable of ecosystem water balance. What constitutes an effective drought adaptation depends largely on rain and drought patterns, e.g. whether drought occurs in winter or summer, and whether drought release is slight and brief or substantial and lasting.
     
Water near the soil surface, just after rain, is the most freely available form of water in the soil. In addition, soil hydraulic conductivity is maximal, which further accelerates water transport. This is true for all soil textures, although sand does represent an extreme, in releasing the greatest amount of water per initial drop in soil water potential. This led to the prediction that much less shallow root biomass (but possibly slightly more in soils of finer texture) is needed to extract shallow soil water than water stored in deeper soil layers (Fig. 2a) . On this basis, it seems reasonable to expect that all desert plants should use this readily available form of water. However, field observations of pulse use tell a different story. First, even though the first few cm of soil are wetted by rain more frequently than any other soil layer, unshaded, shallow desert soil contains hardly any plant roots (Nobel 1989) . Secondly, some desert perennials do not take up pulse water, even after large events (Flanagan et al. 1992) . Thirdly, even among plants that do take up pulse water, many derive only a fraction of transpiration water from the shallow soil . To simulate this behaviour, we gave shallow roots a smaller conductance per unit root biomass than deeper roots, but left the mechanistic explanation open. It is possible that roots near the surface have reduced conductivity because of the extreme variation in soil water potential to which they are regularly exposed. Roots may employ costly adaptations to prevent root xylem embolism, such as a greater suberization of shallow roots observed by Wan et al. (1994) in Gutierrezia sarothrae. Alternatively, shallow roots may allow embolism and accept the consequent loss of root conductivity (Tyree & Sperry 1989) . Additionally, the high temperature of shallow soil in summer can greatly increase the respiration cost of growth, maintenance and repair of shallow roots (Eissenstat 1997) . Either way, reduced conductance or increased maintenance costs translate directly into an increased cost for the acquisition of shallow soil water and would generate a bias for deeper roots in desert plants.
 
Although we used an 'evolutionary' or 'genetic' algorithm to derive the vegetation types we describe above, our approach is not intended as a model of plant evolution. Actual desert plant populations evolve while experiencing a wide range of environmental conditions, whereas our derived phenotypes experienced only one condition, precisely repeated from generation to generation. So why do the derived phenotypes seem so realistic? One interpretation is that new arrivals to an arid region fine-tune pre-existing environmental preferences and thereby become 'specialists' for a select range of conditions (Rosenzweig 1995) . Our approach should produce reasonable approximations to actual desert plants, as long as the environmental conditions we simulated are common enough in an ecosystem. Equally important, our approach does not downplay the role of competition and co-evolution. Even though
